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As a new observable for heavy flavor correlations the momentum imbalance AD of D mesons
is proposed. It is defined analogously to the jet momentum imbalance AJ of fully reconstructed
jets. However, since D mesons are flavor tagged particles, no jet reconstruction is necessary. AD
quantifies the influence of the medium created in heavy-ion collisions on correlated charm pairs. We
present results with the partonic transport model Boltzmann Approach to MultiParton Scatterings
(BAMPS), which describes well the nuclear modification factor and elliptic flow of all heavy flavor
particles at RHIC and LHC. The AD distribution in heavy-ion collisions at LHC is shifted to larger
values of AD compared to proton-proton collisions. We argue that this shift is due to medium
effects and can be explained partially by a path length imbalance of charm pairs and partially by
momentum fluctuations in the initial charm pair distribution.
I. INTRODUCTION
Several experimental observations indicate that in
ultra-relativistic heavy-ion collisions at the Large Hadron
Collider (LHC) at CERN a new state of matter, i.e., the
quark-gluon plasma (QGP), is produced [1].
High-energy particles in such heavy-ion collisions are
created in initial hard parton scatterings with a large
momentum transfer and are therefore denoted as hard
probes. While traversing the created QGP they interact
with other partons and deposit lots of their energy in the
medium. An observable for this energy loss is the nuclear
modification factor RAA of single hadrons. It is defined
as the yield in heavy-ion (A+A) collisions divided by the
yield in proton-proton (p+p) collisions scaled with the
number of binary collisions,
RAA =
d2NAA/dpTdy
Nbin d2Npp/dpTdy
. (1)
Another observable that is accessible at the LHC is
the transverse momentum imbalance AJ of fully recon-
structed jets,
AJ =
pJ
T ;1 − pJT ;2
pJ
T ;1 + p
J
T ;2
, (2)
where pJ
T ;1 (p
J
T ;2) is the transverse momentum of the lead-
ing (subleading) jet with the highest (second highest)
transverse momentum in the measured rapidity window.
Due to the presence of the QGP the distribution of
the momentum imbalance of jets in heavy-ion collisions
is shifted to larger values compared to p+p collisions [2].
The picture beyond this phenomenon is the following:
two hard partons are produced in an initial hard scatter-
ing under a large angle (back-to-back in the transverse
plane in leading order perturbative QCD). Different path
lengths of these two partons lead to different amounts of
energy loss, which in turn increases the momentum im-
balance [3, 4]. However, interpreting the experimental
data by comparing to theoretical calculations is challeng-
ing since the results are very sensitive to the jet finding
algorithm, detector effects, and the background subtrac-
tion scheme [4]. Therefore, it is necessary to employ in
the theoretical simulations the same techniques as in the
experimental data analysis to draw any conclusions.
Another type of hard probes are heavy quarks, i.e.,
charm and bottom quarks, which are also exclusively pro-
duced in hard processes due to their large mass [5]. Fur-
thermore, charm and anti-charm quarks (or bottom and
anti-bottom quarks) are always produced in pairs. After
their early production, they traverse the medium, lose
energy, and participate in the collective flow. Because
of flavor conservation in QCD, heavy quarks are tagged
particles, transferring their flavor during hadronization
to D and B mesons, which allows the identification of
heavy flavor particles in measurements.
II. D MESON MOMENTUM IMBALANCE
In this paper we propose as a new observable the trans-
verse momentum imbalance AD of D mesons, which is
defined analogously to AJ as
AD =
pD
T ;1 − pDT ;2
pD
T ;1 + p
D
T ;2
, (3)
where pD
T ;1 (p
D
T ;2) is the transverse momentum of the lead-
ing (subleading) D meson (or D¯ meson) with the highest
(second highest) transverse momentum in the considered
rapidity window (in this paper |y| < 1). Due to their
unique property of being tagged particles, there is no
need to perform a complicated jet reconstruction. How-
ever, such a jet reconstruction of charm tagged jets would
2reduce the imbalance that is already present in the vac-
uum without a QGP evolution and therefore might make
the shift in the AD distribution from events with and
without QGP more pronounced (cf. Figs. 2 and 3).
In principle, for this observable D mesons should
be measured on an event-by-event basis. Although
D mesons can only be statistically reconstructed, un-
wanted correlation from randomly associated background
tracks at the D meson mass could be distinguished from
real D mesons correlations by subtracting correlations
from the side bands of the D meson invariant mass dis-
tribution [6]. Due to small branching ratios of the recon-
structed decay channels and due to a small signal to back-
ground ratio this is currently difficult, but future runs
at LHC might offer enough statistics for that measure-
ment. An alternative would be to trigger on the leading
D meson and measure associated heavy flavor electrons
or high-energy charged hadrons on the away-side, which
probably will be the associated D¯ mesons if the trigger
pT is high enough and the production mechanism is lead-
ing order1, even if it cannot be identified experimentally.
SuchD meson and charged hadron correlation studies are
currently performed in p+p and p+Pb collisions [6, 7].
As a note, AD is strongly related to heavy flavor corre-
lations [8] of two charm quarks stemming from the same
initial hard parton scattering. Experimentally, however,
it is challenging to measure these correlations since one
does not know whichD and D¯ mesons are related. There-
fore, one would have to perform tedious background sub-
tractions. In contrast, for determining AD no such back-
ground subtraction of uncorrelated D mesons is needed
(however, a background subtraction of randomly associ-
ated background tracks at the D meson mass might be
necessary). Nevertheless, by modifying the trigger con-
ditions for the leading and subleading D mesons one has
a handle on the fraction of D meson pairs that passes the
trigger and stem from a charm pair that is produced in
the same hard parton scattering.
In the following we present our results for the D meson
momentum imbalance AD. After briefly introducing the
partonic transport model Boltzmann Approach to Multi-
Parton Scatterings (BAMPS) and the considered heavy
flavor processes, we show the AD distributions for differ-
ent trigger conditions and initial heavy flavor distribu-
tions. Thereafter, we argue that the observed increased
momentum imbalance AD in A+A collisions compared
to p+p collisions can be explained partially by different
path lengths and partially by momentum fluctuations in
the initial charm pair distribution.
1 If charm is produced in next-to-leading order gluon splitting pro-
cesses, the angle between both produced charm quarks might be
small and therefore the leading hadron at the away side might
not be the D meson.
III. PARTON CASCADE BAMPS
The partonic transport model Boltzmann Approach to
MultiParton Scatterings (BAMPS) [9] describes the 3+1
dimensional evolution of the QGP phase by propagat-
ing all particles in space and time and carrying out their
collisions according to the Boltzmann equation. The ini-
tial heavy quark distributions are either obtained with
PYTHIA 6.4 [10] or the leading order mini-jet model. For
the former we extract the heavy quarks from PYTHIA
before hadronization sets in and put them into BAMPS.
In the latter procedure we sample the initial heavy quarks
according to leading order perturbative QCD (pQCD),
which produces back-to-back heavy quark pairs.
As a note, light partons interact inelastically with
the original Gunion-Bertsch cross section [11]. Recently,
some issues with this approximation at forward and back-
ward rapidity of the radiated gluon have been addressed
[12]. Updated BAMPS results on the light parton sec-
tor with the new improved Gunion-Bertsch cross section
can be found in Ref. [13]. However, we checked that the
effect on the heavy quark RAA and AD due to the im-
provements on the light particle sector is only minor.
For heavy quarks only elastic processes are consid-
ered in this paper. Their cross sections are calculated
in leading order pQCD, explicitly taking the running
coupling into account. The divergent t channel is reg-
ularized with a screening mass µ that is determined by
matching elastic energy loss calculations with leading or-
der pQCD cross sections to results from hard thermal
loop calculations. The comparison of both results shows
that the screening mass µ is smaller than the usually em-
ployed Debye mass mD, more precisely, µ
2 = κtm
2
D
with
κt = 1/(2e) ≈ 0.2. The hadronization of charm quarks
to D mesons is performed with Peterson fragmentation
[14] as described in Ref. [15] with the commonly used pa-
rameter ǫc = 0.05 for charm quarks. The details of the
heavy flavor implementation in BAMPS can be found in
Ref. [15, 16].
Since radiative heavy quark processes are currently be-
ing implemented in BAMPS and are not considered in
this study, we mimic their influence by effectively in-
creasing the elastic cross section by a factor K = 3.5,
which is tuned to the elliptic flow data of heavy flavor
electrons at RHIC [16] and can also describe the electron
nuclear modification factor at RHIC. Having fixed this
parameter to the RHIC data, we find a good agreement
with the experimentally measured nuclear modification
factor of D mesons, non-prompt J/ψ (from B meson
decays), and heavy flavor muons at the LHC energy of√
sNN = 2.76TeV [16]. Furthermore, we made predic-
tions for the nuclear modification factor of heavy flavor
electrons as well as the non-prompt J/ψ, D meson, elec-
tron, and muon elliptic flow at the LHC [16], which agree
well with recently released data [17].
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Figure 1. (Color online) Nuclear modification factor RAA of
D mesons for Pb+Pb collisions at the LHC energy of
√
sNN =
2.76TeV with impact parameter b = 3.6 fm together with data
[19].
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Figure 2. (Color online) Distribution of the D meson mo-
mentum imbalance AD for Pb+Pb collisions at the LHC en-
ergy of
√
sNN = 2.76TeV with impact parameter b = 3.6 fm.
The initial heavy quarks are obtained with PYTHIA. The
trigger condition for the leading (subleading) D meson is
pDT ;1 > 10GeV (p
D
T ;2 > 4GeV). In addition, the angle ∆φ
between these two D mesons must be larger than 2pi/3.
IV. RESULTS
In Fig. 1 we depict our predictions for the nuclear mod-
ification factor RAA of D mesons for the most central
events (0− 7.5% centrality class) of heavy-ion collisions
at LHC, calculated with the same parameter as stated
above and also as in Ref. [16].2 We find a good agree-
2 As a note, at the time we made the prediction for the 0− 7.5%
centrality class the D meson RAA for the centrality class 0−20%
was already published [18], albeit with a much smaller transverse
momentum outreach.
ment with the experimental data for intermediate and
large transverse momenta.
Figure 2 shows the distribution of the D meson mo-
mentum imbalance AD in heavy-ion collisions at LHC.
Even if no QGP were present, a sizable momentum im-
balance is visible. This is due to initial and final state
radiation at the production processes of charm quarks,
which are simulated with PYTHIA [10]. However, if
interactions of charm quarks with other partons of the
QGP are also allowed, the curve is shifted to larger val-
ues of the momentum imbalance. Thus, the presence of
the medium in heavy-ion collisions increases the momen-
tum imbalance of D mesons considerably.
In contrast to experiments, in which only the final
D mesons are measured, we have in BAMPS access to
the full evolution history of each charm quark and cor-
responding D meson. Therefore, we can check if the two
D mesons with the highest transverse momenta that pass
the trigger conditions stem from two charm quarks that
have been produced in the same initial hard scattering.
This is only true for 15% of theD meson pairs depicted in
Fig. 2 due to the abundance of charm quarks in heavy-ion
collisions at LHC and the relatively low triggers. Thus,
most of the D meson pairs that pass the trigger are from
two charm quarks that are not related.
Still, Fig. 2 reveals that the D meson momentum im-
balance is strongly modified by the QGP and that the
subleading jet loses a sizable amount of energy. There-
fore, it would be highly interesting to measure this mo-
mentum imbalance in heavy-ion collisions at LHC.
However, from a theoretical point of view it would be
even more enlightening if the two measured D mesons
with the highest momenta would stem from the same
initial hard event. The most natural way to ensure this
is to increase the trigger conditions to such large pT that
there is at most only one such hard charm production
process in a heavy-ion collision. Since in this case the two
leading D mesons are produced in the same hard process
of two colliding nucleons of the nuclei, the reference curve
“without QGP” corresponds simply to p+p collisions and
therefore can also be measured.
If we increase the trigger of the leading (subleading)
D meson to pD
T ;1 > 25GeV (p
D
T ;2 > 15GeV), most of
these D meson pairs (more than 75%) are from charm
quarks that have been produced in the same hard process.
Thus, to save computation time and enhance statistics,
we assume in the following that this is true for all of
these high-energy D mesons, which makes it unnecessary
to also simulate the soft charm quarks in each event.
Figure 3 shows the momentum imbalance of D mesons
with the higher triggers for two different initial charm
quark conditions. In the mini-jet model charm quarks
are produced back-to-back with the same initial pT , lead-
ing to an AD of zero. The finite AD distribution in
Fig. 3 without the QGP only stems from the fragmen-
tation of these charm quarks to D mesons, which results
in a small momentum imbalance. With initial conditions
from PYTHIA also initial and final state radiation dur-
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Figure 3. (Color online) Distribution of the D meson mo-
mentum imbalance AD at LHC. The initial heavy quarks are
obtained with either PYTHIA or the mini-jet model. The
triggers are pDT ;1 > 25GeV, p
D
T ;2 > 15GeV, and ∆φ > 2pi/3.
As a note, the height of the smallest AD bin for mini-jet ini-
tial conditions without QGP (value of 9.5) is larger than the
plot range.
ing the charm production process is present. Thus, the
initial pT of the two produced charm quarks are not the
same any more, which already leads to a strong momen-
tum imbalance.
In both scenarios the AD distribution is shifted to
higher values if interactions with the QGP are allowed,
although the shift is more pronounced for mini-jet ini-
tial conditions than for distributions from PYTHIA. The
small shift with PYTHIA initial conditions might be too
small to be measureable. The reason for this small shift
lies in the strong initial momentum imbalance and the fol-
lowing two nearly balancing effects. If the leading D me-
son loses some energy, AD decreases; if the subleading
D meson loses some energy, AD increases. In contrast, if
the initial imbalance is small like in the mini-jet scenario,
AD increases no matter which one of the D mesons loses
energy. Since for mini-jet initial conditions no fluctua-
tions in the initial pT of the two charm quarks are present,
the observed momentum imbalance indeed comes from
the anticipated picture of different path lengths through
the medium. One of the high-energy charm quarks leaves
the medium with nearly no interactions and the other
loses some amount of its energy, but the corresponding
D meson still passes the trigger.
Since (nearly) all D meson pairs stem from the same
hard event due to the high triggers, the curves without
and with QGP correspond to p+p and A+A collisions, re-
spectively. Although the shift in AD is small for PYTHIA
initial conditions, it is comparable to what has been mea-
sured for the jet momentum imbalance AJ in p+p and
A+A collisions [2]. Thus, we expect that the difference
should also be measurable for D mesons for these high
triggers.
The shift in AD for PYTHIA initial conditions is con-
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Figure 4. (Color online) Mean path length imbalance LD of
D meson pairs as a function of their momentum imbalance
AD at LHC for initial charm quarks obtained with PYTHIA
and the mini-jet model. The same trigger conditions as in
Fig. 3 are applied.
siderably smaller than in Fig. 2 for two reasons: 1) a
strong charm energy loss results in D mesons not pass-
ing the high triggers, 2) the low triggers in Fig. 2 allow
also that D mesons that are not from the same process
pass the trigger, which affects the momentum imbalance
with and without QGP differently, resulting in a larger
difference between the two curves.
To quantify the effect of different path lengths on AD,
we define the path length imbalance [4]
LD =
LD1 − LD2
LD1 + L
D
2
, (4)
where LD1 (L
D
2 ) is the length of the path the leading
(subleading) D meson traversed in the QGP.
In Fig. 4 the mean path length imbalance LD of D me-
son pairs is shown as a function of their momentum im-
balance AD in heavy-ion collisions at LHC. For mini-jet
initial conditions a strong correlation between momen-
tum and path length imbalance is visible. Thus, the mo-
mentum imbalance can be explained by different path
lengths of the two corresponding charm quarks. Such a
strong correlation is only present since the initial momen-
tum imbalance within the mini-jet model is very small
(cf. Fig. 3).
In contrast, PYTHIA initial conditions already feature
a strong momentum imbalance. Consequently, the cor-
relation between momentum and path length imbalance
is only modest. Most of the momentum imbalance stems
from fluctuations in the initial charm pair distribution.
V. CONCLUSIONS
We proposed as a new observable the transverse mo-
mentum imbalance AD of D mesons. Due to the tagged
5nature of charm flavored particles, this observable offers
insights on the interaction of charm quarks with other
constituents of the QGP. Within the partonic transport
model BAMPS we simulated charm quarks in heavy ion
collisions at the LHC and calculated the AD distribu-
tion for two sets of triggers. With low triggers a strong
momentum imbalance AD is observed, which should be
clearly measurable. However, most of the two leading D
mesons do not stem from the same hard process. Con-
sequently, we increased the triggers such that most of
the two leading D mesons are created in the same hard
process and observed a smaller difference in AD with
and without QGP, which should be still measurable in
the mini-jet scenario, but more difficult with PYTHIA
initial conditions. We argue that in a realistic scenario
with initial charm quarks obtained with PYTHIA most of
the observed momentum imbalance comes from momen-
tum fluctuations in the initial charm pair distribution
and only a minor fraction can be attributed to different
path lengths in the QGP. Within the leading order mini-
jet model it is the other way around. No initial momen-
tum fluctuations are present and the observed momen-
tum imbalance can be explained solely by a path length
imbalance of the two charm quarks.
It would be highly interesting to compare the momen-
tum imbalance AD of D mesons to experimental data.
Furthermore, it would be intriguing to include also radia-
tive processes [12, 20] for charm quarks and investigate
their effects on AD. Comparisons between AD and AJ
distributions of heavy flavor tagged jets would also be an
interesting future study.
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